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Summary 

Data  for  rotors  using  unconventional  airfoils  are 
of  interest  to  permit  an  evaluation  of  this  technology’s 
capability  to  meet  the  U.S.  Army’s  need  for  increased 
helicopter  mission  effectiveness  and  improved  safety 
and  survivability.  Thus,  an  experimental  investigation 
was  conducted  in  the  Langley  Transonic  Dynamics 
Tunnel  (TDT)  to  evaluate  the  effect  of  using  slotted 
airfoils  in  the  rotor  blade  tip  region  (85  to  100  percent 
radius)  on  rotor  aerodynamic  performance  and  loads. 
Four  rotor  configurations  were  tested  in  forward  flight 
at  advance  ratios  from  0.15  to  0.45  and  in  hover  in- 
ground  effect.  The  hover  tip  Mach  number  was  0.627, 
which  is  representative  of  a  design  point  of  4000-ft 
geometric  altitude  and  a  temperature  of  95°F.  The 
baseline  rotor  configuration  had  a  conventional  single¬ 
element  airfoil  in  the  tip  region.  A  second  rotor  con¬ 
figuration  had  a  forward-slotted  airfoil  with  a  -6°  slat, 
a  third  configuration  had  a  forward-slotted  airfoil  with 
a  -10°  slat,  and  a  fourth  configuration  had  an  aft-slot¬ 
ted  airfoil  with  a  3°  flap  (trailing  edge  down). 

The  results  of  this  investigation  indicate  that  the 
-6°  slat  configuration  offers  some  performance  and 
loads  benefits  over  the  other  three  configurations.  At 
the  higher  rotor  lift  coefficients  at  each  advance  ratio, 
the  -6°  slat  configuration  had  the  lowest  rotor  torque 
coefficient,  whereas  the  baseline  rotor  had  the  lowest 
torque  coefficient  for  the  lower  lift  coefficients.  For 
hover  in-ground  effect,  the  -6°  slat  configuration  had 
the  lowest  torque  coefficient  for  rotor  lift  coeffieients 
greater  than  about  0.007,  and  the  baseline  rotor  had  the 
lowest  torque  coefficient  for  lift  coefficients  less  than 
this  value.  The  -6°  slat  configuration  had  the  lowest 
pitch-link  loads  (normalized,  half  peak  to  peak)  at  the 
higher  rotor  lift  coefficients  at  each  advance  ratio. 
However,  the  maximum  4-per-revolution  (4P)  fixed- 
system  vertical  loads  (normalized)  of  both  forward- 
slotted  rotor  configurations  were  generally  higher  than 
those  of  the  other  two  configurations  for  advance 
ratios  up  through  0.25. 

Introduction 

The  U.S.  Army  has  determined  a  need  for 
increased  mission  effectiveness  and  improved  safety 
and  survivability  from  its  future  helicopter  fleet  by 
analyzing  the  capabilities  of  the  current  fleet  (ref  1). 


This  need  can  be  addressed,  in  part,  by  the  develop¬ 
ment  of  main  rotors  that  will  allow  larger  payload 
eapability,  higher  forward  flight  speeds,  increased 
range  and  endurance,  and  greater  maneuverability  and 
agility.  For  fiscal  year  2005,  the  Army’s  stated  aero¬ 
mechanics  technical  objectives  include  a  16-percent 
increase  in  maximum  blade  loading  and  a  6-percent 
increase  in  rotor  aerodynamic  efficiency  (ref  1).  Both 
advanced  single-element  airfoils  and  new  rotor  blade 
planforms  can  contribute  to  increased  main  rotor  per¬ 
formance.  However,  current  rotor  airfoils  are  finely 
tuned  shapes  that  produce  high  lift  while  maintaining 
acceptable  pitching  moments  and  drag  levels.  Further 
dramatic  improvements  in  the  lift  and  drag  character¬ 
istics  of  advanced,  single-element  rotor  airfoils  are 
unlikely.  Thus,  the  application  of  conventional  tech¬ 
nology  alone  cannot  meet  the  Army’s  future  aerome¬ 
chanics  needs,  so  unconventional  technology  must  be 
evaluated. 

Slotted  airfoils  have  recently  been  considered  by 
the  Army  for  main  rotor  application  because  of  their 
high  lift  potential.  Experimental  two-dimensional 
aerodynamic  characteristics  for  two  of  these  slotted 
airfoils  confirmed  the  expected  high  lift  capability 
(ref  2).  During  the  design  of  the  slotted  airfoils,  it  was 
questioned  whether  favorable  two-dimensional  perfor¬ 
mance,  if  obtained,  would  be  preserved  in  the  three- 
dimensional,  unsteady,  rotating  environment  of  a  main 
rotor  blade.  To  evaluate  the  potential  benefits  in  rotor 
performance  associated  with  using  uneonventional 
(slotted)  airfoils,  the  development  of  a  model  rotor 
that  incorporated  slotted  airfoils  was  undertaken 
eoncurrently  with  the  development  of  the  two- 
dimensional  slotted  airfoil  sections  (ref  2). 

An  experimental  investigation  was  conducted  in 
the  Langley  Transonic  Dynamics  Tunnel  (TDT)  to 
determine  the  effect  of  using  slotted  airfoils  in  the 
rotor  blade  tip  region  (85  to  100  percent  radius)  on 
rotor  aerodynamic  performance  and  loads.  To  make 
this  determination,  an  aeroelastically  scaled  model 
rotor  that  could  be  configured  in  the  rotor  tip  region 
for  a  baseline,  single-element  airfoil  and  for  two  types 
of  slotted  airfoils  was  tested  over  a  range  of  shaft 
angles  at  advance  ratios  from  0.15  to  0.45  and  in  hover 
in-ground  effect.  This  rotor  was  designated  the 
HIMARCS  I  (High  Maneuverability  and  Agility  Rotor 
and  Control  System)  rotor. 


Symbols 

The  positive  directions  of  forces,  angles,  and 
velocities  are  shown  in  figure  1 . 
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rotor  lift  coefficient,  - - - - 
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rotor  torque  coefficient,  - ^ - - 
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rotor  drag,  N  sin  a^  +  A  cos  a^,  lb 
rotor  diameter,  ft 

rotor  blade  bending  stiffness,  Ib-ft 


rotor  radius,  ft 

spanwise  distance  along  blade  radius 
measured  from  center  of  rotation,  ft 

normalized  oscillatory  4-per-revolution 
fixed-system  rolling  moment  (rolling 
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system  rolling  moment 

free-stream  velocity,  ft/sec 
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vehicle  equivalent  parasite  area,  ft 
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rotor  lift,  N  cos  CC^-A  sin  a^,  lb 


rotor  hover  tip  Mach  number. 
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rotor  blade  section  mass  per  unit  length, 
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distance  from  wind  tunnel  floor  to  rotor 
hub,  ft 

rotor-shaft  angle  of  attack,  deg 
change  in  specified  quantity 
rotor  blade  collective  pitch  angle  at 

T 

-  =  0.75  ,  positive  nose  up,  deg 
R 

twist  angle  built  into  rotor  blade,  positive 
nose  up,  relative  to  blade  root  end  (station 
6.87  in.),  deg 

rotor  advance  ratio,  ^ 


balance  normal  force,  lb 
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mass  density  of  test  medium,  slugs/ft^ 


N  FSO4P  normalized  oscillatory  4-per-revolution  t|/  rotor  blade  azimuth  angle,  deg 

fixed-system  normal  (balance  normal 

force)  load  Q.  rotor  rotational  velocity,  rad/sec 
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Abbreviations: 

ARES  aeroelastic  rotor  experimental  system 

bsl  baseline 

EFT  fast  Fourier  transform 

4P  4  per  revolution 

HIM  ARCS  High  Maneuverability  and  Agility  Rotor 
and  Control  System 

EE  leading  edge 

TDT  Transonic  Dynamics  Tunnel 

TE  trailing  edge 

Apparatus 

Wind  Tunnel 

The  testing  was  conducted  in  the  Eangley  Tran¬ 
sonic  Dynamics  Tunnel  (TDT);  a  schematic  of  the  tun¬ 
nel  is  shown  in  figure  2.  The  TDT,  a  continuous  flow 
tunnel  with  a  slotted  test  section,  is  capable  of  opera¬ 
tion  up  to  Mach  1.2  at  stagnation  pressures  from  near 
vacuum  to  atmospheric.  The  tunnel  test  section  is  16  ft 
square  with  cropped  comers  and  has  a  cross-sectional 
area  of  248  ft  .  Presently,  air  or  R-134a  may  be  used 
as  a  test  medium,  although  Freon  12  was  previously 
available.  Freon  12,  at  a  nominal  density  of 
0.006  slugs/ft^,  was  used  as  the  test  medium  during 
this  investigation.  Because  of  its  high  molecular 
weight  and  low  speed  of  sound,  the  use  of  Freon  12 
aids  the  matching  of  model-rotor-scale  Reynolds  num¬ 
ber  and  Mach  number  to  full-scale  values.  Because  the 
primary  purpose  of  these  tests  involved  rotor  aerody¬ 
namic  performance,  matching  full-scale  Mach  number 
at  Reynolds  numbers  higher  than  those  obtainable  by 
testing  in  air  was  of  particular  interest  (ref  3).  The  use 
of  Freon  12  as  a  test  medium  also  allows  the  easing  of 
some  restrictions  on  model  stmctural  design  while  still 
maintaining  dynamic  similarity.  For  example,  the 
heavier  test  medium  permits  a  heavier,  less  efficient 
structural  design  to  obtain  the  required  stiffness  char¬ 
acteristics,  thus  easing  design  and  fabrication  require¬ 
ments  of  the  model  (ref.  4). 


Model  Description 

A  set  of  model  rotor  blades  with  aeroelastic 
scaling  representative  of  a  typical  full-scale  blade  was 
used  during  this  investigation.  A  sketch  of  a  High 
Maneuverability  and  Agility  Rotor  and  Control 
System  (HIMARCS  I)  rotor  blade  is  shown  in 
figure  3.  Current-generation,  single-element  airfoils 
and  advanced  slotted  airfoils  were  selected  for  this 
rotor.  The  10-percent-thick  RC(4)-10  airfoil  was 
selected  for  the  inboard  region  {rlR  <  0.80)  based  on 
its  proven  performance  (ref  5)  as  an  inboard  airfoil 
section.  The  RC(4)-10  airfoil  has  high  maximum  lift 
coefficients  at  Mach  numbers  up  to  0.5,  very  low 
pitching-moment  coefficients  over  a  broad  range  of 
Mach  numbers  and  low  angles  of  attack,  and  moder¬ 
ately  high  drag  divergence  Mach  numbers  at  low 
angles  of  attack.  The  8-percent-thick,  slotted  RC(6)-08 
and  the  single-element  RC(6)-08  airfoils  were  selected 
for  the  tip  region  {rlR  >  0.85)  because  both  were 
specifically  developed  for  that  part  of  a  rotor  blade 
(refs.  2  and  6).  The  single-element  RC(6)-08  airfoil 
has  a  proven  performance  as  a  rotor  tip  region  airfoil 
section  (ref  6)  and  thus  served  as  the  baseline  tip  air¬ 
foil  section.  The  single-element  RC(6)-08  airfoil  has 
moderately  high  maximum  lift  coefficients  at  Mach 
numbers  up  to  0.5,  very  low  pitching-moment  coeffi¬ 
cients  over  a  broad  range  of  Mach  numbers  and  angles 
of  attack,  and  very  high  drag  divergence  Mach  num¬ 
bers  at  low  angles  of  attack  (ref  6).  A  smooth  transi¬ 
tion  was  made  between  these  different  inboard  and 
outboard  airfoil  shapes  (0.80  <  rlR  <  0.85).  The  blade 
tip  region  was  selected  for  the  application  of  the 
slotted  airfoil  based  on  the  following  rationale. 
Retreating  blade  stall  can  limit  both  high-speed  for¬ 
ward  flight  and  maneuverability  across  the  speed 
range.  Retreating  blade  stall  is  likely  to  occur  first  in 
the  tip  region  because  a  thin  airfoil  with  little  camber 
must  be  used  there  to  minimize  compressibility  effects 
on  the  advancing  side  of  the  rotor  disc  at  high  forward 
flight  speeds.  A  thin,  slotted  airfoil  might  provide  a 
much  higher  stall  boundary  while  maintaining  good 
drag  divergence  characteristics  (ref  2).  The  tip  region 
of  the  model  blades  can  be  configured  as  the  baseline 
airfoil  or  a  slotted  airfoil  (fig.  3).  Section  A-A  in 
figure  3(a)  illustrates  the  baseline  airfoil,  two  of  the 
forward-slotted  airfoil  configurations  that  were  tested, 
and  one  of  the  aft-slotted  airfoil  configurations  that 
was  tested.  One  forward-slotted  configuration  had  a 
-6°  slat,  and  the  second  one  had  a  -10°  slat.  The 


3 


details  of  the  shapes  for  both  forward-slotted  airfoil 
sections  are  given  in  reference  2.  The  aft-slotted  con¬ 
figuration  that  was  tested  had  a  3°  flap  angle  (trailing 
edge  down).  Details  of  the  flap  attachment  to  the  rotor 
tip  are  shown  in  figure  3(b).  The  details  of  the  aft- 
slotted  airfoil  shape  (flap  gap,  overlap,  flap  pivot 
point)  and  the  aerodynamic  data  for  this  airfoil  are  not 
yet  published.  However,  the  coordinates  for  all  airfoil 
sections  used  on  the  HIMARCS  I  rotor  are  given  in 
tables  I  to  V.  The  tip  region  airfoil  section  was 
changed  from  the  baseline  airfoil  by  interchanging  the 
nose  or  tail  fairing  piece  with  a  slat  or  a  flap, 
respectively. 

Based  on  the  following  considerations,  a  linear 
twist  distribution  of  -8°  was  selected  for  this  rotor 
blade.  The  slotted  airfoils  were  expected  to  delay  the 
airfoil  section  stall  to  higher  angles  of  attack,  com¬ 
pared  to  a  conventional  tip  airfoil  section.  Thus,  reduc¬ 
ing  the  blade  twist  from  the  typical  range  of  -12° 
to -16°  would  not  degrade  the  retreating  blade  stall 
boundary  and  would  be  beneficial  in  reducing  com¬ 
pressibility  effects  in  high-speed  forward  flight.  On 
the  advancing  side  of  the  rotor  disc  at  high  forward 
speeds,  the  tip  region  of  a  rotor  blade  with  high  twist 
can  be  operating  at  negative  angles  of  attack,  causing 
shocks  to  develop  near  the  nose  of  the  airfoil  on  the 
lower  surface.  Reducing  the  blade  twist  can  thus 
reduce  the  potential  for  shock  formation  on  the  lower 
surface.  A  linear,  low-twist  rate  (deg/in.)  would  also 
make  it  easier  to  fabricate  the  small  size  fairings,  flaps, 
and  slats.  The  -8°  linear  twist  distribution  selected 
may  not  be  the  optimum  twist  for  this  kind  of  rotor 
because  no  attempt  was  made  to  identify  the  optimum 
twist  distribution.  The  thrust-weighted  solidity  of  the 
HIMARCS  I  rotor  was  chosen  to  be  0.101  so  that 
comparisons,  with  the  same  basis,  could  be  made  with 
other  rotors  that  were  previously  tested  in  the  Langley 
TDT  (refs.  7  and  8). 

Naturally,  there  are  some  small  blade-to-blade  dif¬ 
ferences  in  the  structural  properties  within  any  set  of 
rotor  blades.  Typical  mass,  flapwise  stiffness,  and  tor¬ 
sional  stiffness  distributions  (measured)  are  shown  in 
figures  4  to  6.  The  edgewise  stiffness  distribution  was 
not  measured.  The  actual  mass  distribution  was  not 
determined  for  an  entire  blade  because  of  additional 
costs.  The  outer  part  of  the  blade  is  configured  by 
assembling  small,  interchangeable  pieces  that  require 
close  dimensional  tolerances.  A  large  part  of  the  root 


end  of  a  blade  was  required  for  a  pull  test  to  demon¬ 
strate  that  the  blade  design  could  safely  accommodate 
the  design  loads.  Thus,  one  entire  blade  would  be 
needed  to  measure  the  full-blade  mass  distribution, 
and  the  inner  third  of  a  second  blade  would  be  needed 
for  a  pull-test  specimen.  Instead,  one  sample  blade 
without  the  interchangeable  tip  pieces  was  partially 
cut  into  20  segments  (from  rlR  =  0.44  to  0.83)  to  check 
the  actual  mass  distribution  against  the  target  mass 
distribution  (fig.  4).  The  actual  mass  distribution  is 
close  to  the  target  values  except  for  the  outermost 
blade  segment.  The  inner  portion  of  the  sample  blade 
was  used  as  a  pull-test  specimen.  The  measured  non¬ 
rotating  blade  natural  frequencies  for  a  cantilevered 
boundary  condition  are  given  in  table  VI.  The  natural 
frequencies  were  measured  for  the  baseline  configura¬ 
tion  for  each  blade  in  the  set  (four  blades  plus  one 
spare  blade).  Additionally,  the  natural  frequencies 
were  measured  for  the  0°  flap  and  the  -10°  slat  config¬ 
urations  for  blade  4.  Each  leading-edge  slat  was  made 
of  stainless  steel  and  was  fabricated  as  a  single  piece 
with  an  integral  bracket.  The  addition  of  a  slat  likely 
resulted  in  local  stiffening  of  the  blade,  and  thus  the 
highest  frequencies  were  measured  for  the  -10°  slat 
configuration. 

Each  blade  set  was  tested  by  using  the  aeroelastic 
rotor  experimental  system  (ARES)  test  bed  shown  in 
figures  7  and  8  (ref  7).  The  ARES  test  bed  has  a 
streamlined  fuselage  shape  which  encloses  the  rotor 
controls  and  drive  system  and  is  powered  by  a 
variable-frequency  synchronous  motor  rated  at  47-hp 
output  at  12  000  rpm.  The  motor  is  connected  to  the 
rotor  shaft  through  a  belt-driven,  two-stage  speed 
reduction  system.  The  ARES  test  bed  rotor  blade  pitch 
control  system  and  rotor  shaft  angle  of  attack  are 
remotely  controlled  from  the  wind  tunnel  control 
room.  The  model  rotor  shaft  angle  of  attack  is  varied 
by  an  electrically  controlled  hydraulic  actuator.  Blade 
collective  pitch  and  lateral  and  longitudinal  cyclic 
pitch  are  input  to  the  rotor  through  the  swash  plate, 
which  is  positioned  by  three  hydraulic  actuators.  The 
model  rotor  hub  used  in  this  investigation  was  a  four- 
bladed  articulated  hub  with  coincident  lead-lag  and 
flapping  hinges.  The  hub  operated  with  a  measured 
pitch-flap  coupling  ratio  of  0.5  (flap  up,  pitch  down). 

Instrumentation  mounted  on  the  ARES  test  bed 
allows  continuous  displays  of  model  control  settings, 
rotor  forces  and  moments,  blade  loads,  and  pitch-link 
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loads.  For  these  tests,  one  pitch  link  was  instrumented 
with  a  strain  gauge  to  measure  pitch-link  tension  and 
compression  loads.  Rotor  blade  flap  and  lag  motions 
are  measured  by  rotary  potentiometers  mounted  on  the 
rotor  hub.  Rotor  shaft  speed  is  determined  by  a  mag¬ 
netic  sensor.  The  rotating  blade  data  are  transferred  to 
the  flxed  system  through  a  30-channel  slip-ring  assem¬ 
bly.  Rotor  forces  and  moments  are  measured  by  a  six- 
component  strain  gauge  balance  mounted  below  the 
pylon  and  drive  system.  Rotor  lift  and  drag  are  deter¬ 
mined  from  the  measured  balance  normal  and  axial 
forces  (flg.  1).  Rotor  torque  is  measured  by  the  bal¬ 
ance  yawing  moment  component.  The  balance  is  fixed 
with  respect  to  the  rotor  shaft  and  pitches  with  the 
fuselage.  By  design,  fuselage  forces  and  moments  are 
not  transmitted  to  the  balance. 

Data  Acquisition 

Test  Conditions 

The  purpose  of  the  test  was  to  obtain  data  to  eval¬ 
uate  the  effect  of  slotted  airfoils  on  rotor  performance 
and  loads.  Therefore,  data  for  the  baseline  and  slotted 
rotor  configurations  were  obtained  at  the  same  nomi¬ 
nal  test  conditions  defined  by  p,,  Mj,  a^,  and  9.  Data 
were  obtained  in  hover  and  in  forward  flight  from 
p  =  0.15  to  0.45.  The  hover  tip  Mach  number  was 
0.627,  which  is  representative  of  a  design  point  of 
4000-ft  geometric  altitude  and  a  temperature  of  95°F. 
In  hover  (p  =  0),  data  were  obtained  at  zid  =  0.83.  At 
each  test  point  in  forward  flight,  the  rotor  rotational 
speed  and  tunnel  conditions  were  adjusted  to  give  the 
desired  values  of  Mj  and  p.  The  ARES  test  bed  was 
then  pitched  to  the  desired  a^,  and  the  tunnel  condi¬ 
tions  were  readjusted,  if  required.  Blade  collective 
pitch  was  changed  to  obtain  variations  in  rotor  lift.  To 
facilitate  data  acquisition  and  reduce  blade  loads,  rotor 
cyclic  pitch  was  used  to  remove  rotor  first-harmonic 
flapping  with  respect  to  the  rotor  shaft  at  each  test 
point.  The  maximum  obtainable  value  of  0  (and  thus 
Cl)  at  each  combination  of  p  and  was  determined 
by  either  blade  or  pitch-link  loads,  or  by  ARES  test 
bed  drive-system  limits. 

Methods  and  Processing 

Model  deadweight  tares  were  determined  through¬ 
out  the  range  of  for  each  blade  set,  that  is,  with  each 


rotor  tip  airfoil  configuration.  Aerodynamic  rotor  hub 
tares  were  determined  throughout  the  test  ranges  of 
and  p  at  640  rpm  (nominal  rpm  for  Mj  =  0.627)  with 
the  blades  removed  and  the  blade  cuffs  set  at  a  pitch 
angle  of  8°.  Both  deadweight  and  aerodynamic  hub 
tares  have  been  removed  from  the  data  presented 
herein.  The  sum  of  the  deadweight  and  aerodynamic 
hub  tares  in  coefficient  form  for  p  =  0.35  and 
=  -8°  is  Q  =  -0.000045,  C^,  =  -0.000822,  and 
Cq  =  0.000036.  These  values  represent  the  magnitude 
of  the  total  tares  removed  from  the  data  for  test  condi¬ 
tions  near  the  middle  of  the  test  envelope.  No  correc¬ 
tions  for  tunnel  wall  effects  have  been  applied  to  the 
data,  but  as  cited  in  reference  9,  these  effects  are  con¬ 
sidered  small  for  the  flight  conditions  presented 
herein. 

The  values  of  C^,  C^,  and  Cq  were  obtained  from 
the  average  of  5000  data  samples  taken  at  a  rate  of 
1000  data  samples/sec  with  a  filter  cutoff  of  200  FIz.  A 
harmonic  analysis  was  used  to  reduce  ARES  rotor  and 
fixed-system  loads  to  magnitude  and  phase  compo¬ 
nents  for  harmonics  through  8  per  revolution.  For  a 
typical  harmonic  analysis,  12  rotor  revolutions  of  data 
are  processed  by  using  a  fast  Fourier  transform  (FFT) 
with  checks  provided  on  the  signal  periodicity  and 
rotor  speed.  These  checks  ensure  data  integrity  and 
allow  processing  to  occur  without  signal  windowing 
and  the  associated  loss  of  signal  power.  Experience 
with  ARES  has  shown  that  using  more  than 
12  revolutions  of  data  produces  no  increase  in  the 
accuracy  of  results  for  harmonics  up  through  8  per 
revolution;  therefore,  all  data  presented  herein  have 
been  processed  by  using  12  rotor  revolutions  of  data. 

All  pitch-link  oscillatory  loads  were  normalized  to 
the  largest  pitch-link  oscillatory  load  measured  on  any 
rotor  configuration  throughout  the  speed  range  tested. 
All  4-per-revolution  (4P)  fixed-system  forces  and 
moments  were  normalized  to  the  largest  correspond¬ 
ing  4P  fixed-system  force  or  moment  generated  by  any 
rotor  configuration  throughout  the  speed  range  tested. 
Similarly,  all  half  peak-to-peak  moments  were 
normalized  to  the  largest  corresponding  half  peak-to- 
peak  moment  generated  by  any  rotor  configuration 
throughout  the  speed  range  tested.  This  normalizing 
procedure  was  chosen  because  neither  the  fixed  sys¬ 
tem  nor  the  rotating  system  of  the  ARES  test  bed  is  a 
dynamically  scaled  representation  of  any  existing  heli¬ 
copter.  Therefore,  scaling  measured  model  data  up  to 
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full-scale  values  would  not  be  meaningful.  Ground 
vibration  tests  of  the  ARES  test  bed  have  shown  no 
dynamic  amplification  of  any  strain  gauge  balance 
channels  at  the  rotor  4P  frequency. 

Measurement  Quality 

The  quality  of  the  performance  data  obtained  dur¬ 
ing  this  investigation  was  addressed.  Based  on  a  static 
calibration  of  the  strain  gauge  balance  used  to  measure 
rotor  lift,  drag,  and  shaft  torque,  the  accuracy  of  the 
measurement  of  these  variables  is  within  the  following 
ranges: 

Q:  +/-0.000138 
C^:  +/-0.000040 
Cq.  +/-0.000016 

During  the  test,  1080  data  points  were  obtained.  From 
this  data  set,  259  points  were  repeat  points  taken  at 
random.  The  repeated  points  included  data  within  any 
particular  run  (increasing  then  decreasing  0  for  con¬ 
stant  and  p.)  as  well  as  run-to-run  repeat  points 
(resetting  of  all  test  parameters,  i.e.,  9,  a^,  and  p-)-  The 
average  deviation  in  C^,  Cj^,  and  Cq  (ACi,  ACj),  ACq) 
was  determined  between  the  originally  obtained  data 
points  and  the  repeat  data  points.  The  average  positive 
deviations  and  average  negative  deviations  for  con¬ 
stant  values  of  p,  Mj,  a^,  0,  and  zero  1  -per-revolution 
flapping,  with  respect  to  the  shaft,  were  determined  to 
be  as  follows: 

Within  any  particular  run  (259  points): 

AQ:  +0.000032  to  -0.000018 
AC^:  +0.000005  to  -0.000008 
ACq:  +0.000001  to  -0.000001 
Run  to  run  (34  points): 

AQ:  +0.000015  to  -0.000050 
AC^:  +0.000008  to  -0.000028 
ACq:  +0.000003  to  -0.000006 


As  shown,  these  average  deviations  were  all  within  the 
accuracy  of  the  static  calibration  of  the  strain  gauge 
balance. 

Presentation  of  Results 

The  hover  and  forward  flight  rotor  performance 
data  obtained  during  this  investigation  are  presented  in 
figures  9  to  15  as  combinations  of  C^,  C^,  and  Cq. 
The  loads  data  presented  in  figures  16  to  21  are  out¬ 
lined  in  detail  on  page  7.  The  value  of  Cq  for  each  for¬ 
ward  flight  rotor  task,  defined  by  specific  values  of  p. 
Cl,  Cd,  and  Mj,  was  obtained  by  plotting  Ci  versus 
Cd  and  Ci  versus  Cq  at  each  p,  for  a  range  of  shaft 
angles  (appendix  figs.  A1  to  A32)  and  then  by  interpo¬ 
lating  from  Cd  versus  Cq  cross  plots  (figs.  A33  to 
A40)  for  the  value  of  Cq  at  the  desired  Ci  and  Cq- 
The  desired  value  of  Cd  (table  A3)  was  obtained  by 
using  a  full-scale  value  of  /d,  obtained  from  aircraft 
manufacturer’s  information,  to  first  determine  D  and 
consequently  Cd  as  follows: 

D=/^(1/2pe2) 

r  2 

^  _  -D  _ 

2  2  2 
P7iR  (flR)  1%R 

The  chosen  values  offD  representated  both  a  utility- 
type  helicopter  and  a  scout-type  helicopter.  The  Cq 
versus  p.  results  are  presented  for  representative  values 
of  Cl  and  full-scale  /d  at  one  value  of  Mj.  In  general, 
the  range  of  the  data  in  the  Cq  versus  p.  plots  was 
limited  by  the  maximum  Ci  that  could  be  attained  by 
the  rotor  configurations  at  the  higher  test  advance 
ratios.  For  example,  the  highest  value  of  p.  shown  for 
Cl  >  0.0081  is  0.35  because  none  of  the  rotor  configu¬ 
rations  were  able  to  reach  these  Ci  values  at  p,  =  0.40. 
All  Cq  values  presented  fell  within  the  range  of  the 
interpolated  data  in  the  Cd  versus  Cq  plots;  that  is,  no 
extrapolations  were  made  to  obtain  any  of  the  Cq 
values. 

Loads  data  are  presented  in  figures  16  to  21  and 
consist  of  pitch-link  and  fixed-system  oscillatory 
loads.  Pitch-link  loads  data  are  presented  as  normal¬ 
ized  oscillatory  (half  peak-to-peak)  load  versus  C^. 
The  fixed-system  loads  data,  also  presented  as  a  func¬ 
tion  of  Cl,  are  normalized  4P  normal  force,  both 
normalized  4P  and  normalized  oscillatory  pitching 
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moment,  and  both  normalized  4P  and  normalized 
oscillatory  rolling  moment.  The  pitch-link  and  fixed- 
system  loads  data  are  presented  for  five  values  of  p.  at 
values  of  as  being  representative  of  what  would  be 
required  to  bracket  the  propulsive  force  needed  to  rep¬ 
resent  the  same  full-scale  equivalent  parasite  areas 


used  in  the  performance  data  figures  (figs.  10  to  15). 
Thus,  the  rotor  configurations  may  not  be  at  the  same 
Cj^  when  compared  at  the  same  p,  a^,  and  C^.  This 
method  of  presentation  was  chosen  because  it  was 
believed  that  the  loads  data  were  too  nonlinear  to 
allow  interpolation,  as  with  the  performance  data. 


The  data  are  presented  in  the  following  figures: 

Figure 


Rotor  hover  performance  . 9 

Rotor  forward-flight  performance  . 10-15 

Pitch-link  oscillatory  loads . 16 

Fixed-system  oscillatory  vertical  force . 17 

Fixed-system  oscillatory  moments . 18-21 


Discussion  of  Results 

The  primary  purpose  of  this  investigation  was  to 
obtain  data  for  evaluating  the  performance  of  rotors 
using  slotted  airfoils  in  the  blade  tip  region.  The 
forward-flight  performance  of  all  rotor  configurations 
was  defined  by  the  Cq  required  at  a  given  rotor  task 
specified  by  the  parameters  C^,  Cj^,  p.,  and  Mf. 

Rotor  Performance 

The  hover  performance  of  all  rotor  configurations 
tested  for  a  tip  Mach  number  of  0.627  and  a  value  of 
z/d  =  0.83  is  presented  in  figure  9.  This  performance  is 
expressed  in  terms  of  Ci  versus  Cq  in  figure  9(a)  and 
in  terms  of  figure  of  merit  (FM)  versus  Ci  in  fig¬ 
ure  9(b).  Two  values  of  Ci  are  of  interest  in  this  fig¬ 
ure.  A  Cl  of  0.0081  is  representative  of  a  UH-60A 
helicopter  at  a  gross  weight  of  18500  lb  at  a  density 
representative  of  4000  ft/95°F,  and  a  of  0.0086  is 
representative  of  a  scout-type  helicopter  at  a  gross 
weight  of  10500  lb  at  the  same  altitude-temperature 
condition.  The  data  indicate  that  at  C^’s  of  0.0081  and 
0.0086,  the  -6°  LE  slat  configuration  had  the  lowest 
Cq.  For  lift  coefficients  greater  than  about  0.007,  the 
-6°  LE  slat  configuration  also  had  the  lowest  Cq, 
whereas  for  lift  coefficients  less  than  0.007,  the  base¬ 
line  rotor  had  the  lowest  Cq.  Similarly,  the  highest  FM 
for  Cl  >  0.007  was  attained  by  the  -6°  LE  slat  config¬ 
uration.  Below  this  Ci,  the  baseline  rotor  had  the  high¬ 
est  FM.  The  hover  performance  of  the  3°  TE  flap 
configuration  was  slightly  below  that  of  the  baseline 


rotor,  while  that  of  the  -10°  LE  slat  configuration  was 
the  lowest  of  all  four  configurations.  The  highest  FM, 
0.65,  was  reached  at  the  highest  lift  coefficient 
attained,  0.01.  This  relatively  low  maximum  value  of 
FM  may  be  caused  by  recirculation  effects  that 
occurred  because  the  tunnel  floor  was  in  the  normal 
position  for  forward-flight  test  conditions.  From  previ¬ 
ous  investigations  in  the  Langley  TDT  (ref  7),  hover 
data  for  different  rotors  at  the  same  z/d  =  0.83  indi¬ 
cated  significantly  higher  FM  values  than  those  shown 
in  figure  9(b).  However,  in  the  reference  7  investiga¬ 
tion,  the  tunnel  floor  was  in  a  lowered  position,  which 
opens  up  a  gap  between  the  floor  and  each  tunnel  side- 
wall  that  would  tend  to  reduce  any  potential  recircula¬ 
tion  effects.  During  this  investigation,  it  was  not 
possible  to  put  the  tunnel  floor  in  the  lowered  position 
because  of  operational  restrictions  in  place  at  the  time. 

Figures  10  and  12  show  the  forward- flight  perfor¬ 
mance  of  the  four  rotor  configurations,  in  terms  of  Cq 
versus  p,,  for  a  range  of  rotor  lift  coefficients  and  three 
values  of /d  at  Mi=  0.627.  The  value  of /q  used  in  fig¬ 
ure  10  is  representative  of  a  UH-60A  Blackhawk  heli¬ 
copter,  and  the  values  of  fi,  used  in  figure  12  are 
representative  of  both  low-drag  and  high-drag  config¬ 
urations  for  a  scout-type  helicopter.  For  =  0.007 
(fig.  10(a)),  the  baseline  rotor  configuration  had  the 
lowest  Cq  for  advance  ratios  up  to  0.3,  but  it  had  about 
the  same  Cq  as  the  -6°  LE  slat  configuration  at 
p  =  0.35.  The  3°  TE  flap  configuration  had  about  the 
same  performance  as  that  of  the  -6°  LE  slat  configura¬ 
tion  for  Q=  0.007.  For  Ci  =  0.0081  (fig.  10(b)),  the 
baseline  rotor  again  had  the  lowest  Cq  for  p  up  to 
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about  0.30,  but  at  |i  =  0.35,  the  -6°  LE  slat  configura¬ 
tion  had  a  significantly  lower  Cq  than  the  other  con¬ 
figurations.  The  3°  TE  flap  configuration  had  about 
the  same  performance  as  that  of  the  -6°  EE  slat  con¬ 
figuration  for  p  up  to  0.30  at  =  0.0081.  The  -6°  EE 
slat  configuration  had  the  minimum  Cq  for  p  greater 
than  about  0.23  for  =  0.009  (fig.  10(c));  at  lower 
advance  ratios,  the  baseline  rotor  again  had  the  mini¬ 
mum  Cq.  The  3°  TE  flap  configuration  had  a  higher 
Cq  than  both  the  baseline  and  the  -6°  EE  slat  configu¬ 
ration  for  p  less  than  about  0.30  at  Ci  =  0.009.  The 
-10°  EE  slat  configuration  had  the  highest  Cq  at  all 
advance  ratios  for  the  three  lift  coefficients  shown  in 
figure  10.  Figure  1 1  illustrates  the  differences  in  rotor 
torque  coefficient  between  the  configurations  with 
slotted  airfoils  and  the  baseline  rotor  for  the  conditions 
representing  a  utility  helicopter.  For  the  -6°  EE  slat 
configuration,  increased  rotor  lift  coefficient  resulted 
in  greater  reductions  in  Cq  from  that  of  the  baseline 
rotor  at  advance  ratios  of  0.30  and  0.35. 

Figure  12  shows  that  for  C^  =  0.0086  and 
f£)=  12.0  ft^,  the  -6°  EE  slat  configuration  had  the 
lowest  Cq  for  p  =  0.30,  and  the  baseline  rotor  had  the 
lowest  Cq  for  advance  ratios  less  than  0.25 
(fig.  12(a)).  For  the  same  and  fj)=  18.5  ft^,  the 
-6°  EE  slat  configuration  had  the  lowest  Cq  for  p 
greater  than  about  0.25,  and  the  baseline  rotor  had  the 
lowest  Cq  for  p  less  than  about  0.25  (fig.  12(c)).  The 
3°  TE  flap  configuration  had  a  Cq>  that  of  both  the 
baseline,  and  -6°  EE  slat  configuration  for 
Q  =  0.0086  (figs.  12(a)  and  12(c)).  For  Q  =  0.0095 
and  both  values  of  fjj,  the  -6°  EE  slat  configuration 
had  the  lowest  Cq  for  p  =  0.25  or  greater,  and  a  Cq 
about  the  same  as  that  of  the  baseline  rotor,  which  was 
below  that  of  the  other  two  configurations,  for 
p<  0.20  (figs.  12(b)  and  12(d)).  The  3°  TE  flap  con¬ 
figuration  had  a  Cq>  both  the  baseline  and  -6°  EE 
slat  configuration  for  p  <  0.25  and  =  0.0095. 
Except  for  p  =  0.30  and  =  0.0095,  the  -10°  EE  slat 
configuration  had  the  highest  Cq  at  all  conditions  pre¬ 
sented.  For  the  -6°  EE  slat  configuration  and  p  =  0.30, 
increased  Ci  resulted  in  larger  reductions  in  Cq 
relative  to  the  baseline  rotor  (fig.  13).  At  an  advance 
ratio  of  0.25,  increased  C^  also  changed  a  disadvan¬ 
tage  of  the  -6°  EE  slat  configuration,  relative  to  the 
baseline  rotor,  to  an  improvement  over  the  baseline 
rotor  (fig.  13). 

The  lifting  capability  in  forward  flight  is  presented 
in  terms  of  Cq  versus  Ci  for  a  representative  fj^ 


(18.5  ft  )  at  four  advance  ratios  in  figure  14.  At  each 
advance  ratio,  the  -6°  EE  slat  configuration  had  the 
lowest  Cq  at  the  higher  lift  coefficients,  and  the 
baseline  rotor  had  the  minimum  Cq  at  the  lower  lift 
coefficients.  The  crossover  point  of  the  -6°  EE  slat 
configuration  curve  and  the  baseline  rotor  curve 
occurred  at  lower  values  of  C^,  with  increasing 
advance  ratio.  For  example,  the  -6°  EE  slat  configura¬ 
tion  had  the  lowest  Cq  for  >  0.0098  at  p  =  0.15  and 
for  Cl  >  0.0081  at  p  =  0.30.  At  each  advance  ratio,  the 
-10°  EE  slat  configuration  had  the  highest  Cq  at  the 
lower  lift  coefficients.  Figure  15  highlights  the  differ¬ 
ences  in  Cq  between  the  slotted  airfoil  configurations 
and  the  baseline  rotor  for  increasing  Ci  at  fixed 
advance  ratios.  The  advantage  of  the  -6°  EE  slat  con¬ 
figuration  over  the  baseline  rotor  occurred  at  lower  lift 
coefficients  with  increasing  advance  ratio  (figs.  15(a) 
to  15(d)).  For  a  fixed  (e.g.,  0.0095),  the  advantage 
of  the  -6°  EE  slat  configuration  over  the  baseline  rotor 
increased  with  increasing  advance  ratio  (figs.  15(b)  to 
15(d)).  Both  EE  slat  configurations  generally  attained 
higher  lift  coefficients  than  the  other  two  configura¬ 
tions  at  each  advance  ratio.  This  result  may  be  caused 
by  blade  stall  that  caused  the  abrupt  increase  in  pitch- 
link  loads  (fig.  16)  for  the  3°  TE  flap  configuration 
and  for  the  baseline  rotor  to  occur  at  lower  lift  coeffi¬ 
cients  than  the  corresponding  C^’s  for  the  EE  slat  con¬ 
figurations.  At  high  rotor  lift  coefficients,  the  tip 
region  of  the  rotor  blade  would  be  expected  to  reach 
high  angles  of  attack.  The  EE  slat  airfoils  would  reach 
higher  angles  of  attack  before  stalling  than  would  the 
single-element  baseline  airfoil  (refs.  2  and  6)  or  the  3° 
TE  flap  airfoil.  This  stall  delay  is  caused  by  the  favor¬ 
able  effect  of  the  slot  flow  on  the  airfoil  upper  surface 
boundary  layer  development. 

For  the  same  tasks  (figs.  10  to  15),  the  -6°  EE  slat 
configuration  had  a  lower  Cq  than  the  -10°  EE  slat 
configuration.  It  is  believed  that  this  lower  Cq  is  due 
to  the  generally  lower  drag  levels  of  the  -6°  EE  slat 
airfoil  section,  as  compared  to  the  -10°  EE  slat  airfoil 
section  shown  in  reference  2. 

Pitch-Link  and  Fixed-System  Loads 

The  loads  data  are  presented  in  figures  1 6  to  2 1  as 
a  function  of  the  rotor  lift  coefficient  for  fixed  rotor 
shaft  angles  of  attack  at  advance  ratios  from  0.15 
to  0.35.  The  range  of  rotor  shaft  angles  of  attack  pre¬ 
sented  for  each  p  brackets  the  value  of  propulsive 
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force  required  to  offset  the  values  of  f[)  used  in  the 
aerodynamic  performance  figures  (figs.  10  to  15). 

The  variation  of  the  half  peak-to-peak  pitch-link 
loads  with  rotor  lift  coefficient  is  shown  in  figure  16. 
All  configurations  exhibit  the  same  general  trend  of 
increasing  pitch-link  loads  with  increasing  rotor  lift 
coefficient.  At  the  higher  rotor  C^’s  at  each  advance 
ratio,  the  two  rotors  with  LE  slats  had  lower  pitch-link 
loads  than  the  other  two  configurations,  and  the  -6° 
LE  slat  configuration  had  loads  that  were  equal  to  or 
lower  than  those  of  the  -10°  LE  slat  configuration. 
The  rotor  lift  coefficient,  at  which  the  oscillatory  loads 
for  the  configurations  with  a  LE  slat  diverged  from 
those  of  the  other  two  rotor  configurations,  was  low¬ 
ered  with  increasing  advance  ratio.  For  example,  the 
oscillatory  pitch-link  loads  for  the  LE  slat  configura¬ 
tions  diverged  from  those  for  the  baseline  rotor,  and 
the  3°  TE  flap  configuration  at  a  of  about  0.008  for 
P-  =  0.15  (fig.  16(a))  and  at  a  of  about  0.007  for 
P-  =  0.25  (fig.  16(e)).  For  p  <  0.30  and  lift  coefficients 
higher  than  about  0.007,  the  oscillatory  pitch-link 
loads  for  the  baseline  rotor  and  the  3°  TE  flap  configu¬ 
ration  were  nearly  identical.  At  p  =  0.35,  the  oscilla¬ 
tory  pitch-link  loads  for  the  baseline  rotor  were  the 
highest  of  any  configuration  for  C^’s  greater  than 
about  0.006. 

The  4P  fixed-system  normal  loads,  as  a  function 
of  the  rotor  lift  coefficient,  are  shown  in  figure  17.  For 
p  <  0.25,  the  general  trend  of  the  data  was  the  same  for 
all  rotor  configurations;  that  is,  the  loads  increased  up 
to  a  peak  value  with  increasing  and  then  decreased 
with  further  increases  in  C^.  For  this  same  range  of  p, 
the  maximum  4P  normal  loads  of  both  LE  slat  config¬ 
urations  were  higher  than  those  of  the  other  two  con¬ 
figurations  except  at  =  -4°  at  p  =  0.25  (fig.  17(f)), 
where  the  maximum  load  of  the  baseline  rotor  was 
about  the  same  as  that  of  the  LE  slat  configurations. 
The  maximum  normal  loads  of  the  -6°  LE  slat  config¬ 
uration  were  about  the  same  as  those  of  the  -10°  LE 
slat  configuration,  except  at  =  0°  at  p  =  0.25 
(fig.  17(e)),  where  the  maximum  load  of  the  -6°  LE 
slat  configuration  was  higher.  In  general,  the  loads  of 
the  3°  TE  flap  configuration  were  the  lowest  for  all 
conditions  at  advance  ratios  up  through  0.25.  For 
p  =  0.30  (a^  =  -8°)  and  p  =  0.35,  the  4P  loads  of  the 
baseline  and  3°  TE  flap  configurations  tended  to 
increase  with  increasing  Ci,  whereas  the  loads  of  the 
LE  slat  configurations  tended  to  peak  at  a  value 
less  than  the  highest  shown. 


The  half  peak-to-peak  fixed-system  pitching 
moments  are  shown  in  figure  18.  For  advance  ratios 
up  through  0.25,  the  data  for  all  configurations 
exhibited  the  same  trend;  the  pitching  moments  first 
increased  with  increasing  Ci  and  then  decreased  with 
further  increases  in  C^.  For  this  same  range  of  p,  the 
maximum  half  peak-to-peak  pitching  moments  of  both 
LE  slat  configurations  were  generally  higher  than 
those  of  the  other  two  configurations.  The  maximum 
half  peak-to-peak  pitching  moments  of  the  baseline 
and  the  3°  TE  flap  configurations  were  about  the  same 
for  advance  ratios  up  through  0.25.  For  p  >  0.30,  the 
half  peak-to-peak  pitching  moments  of  all  configura¬ 
tions,  except  the  -6°  LE  slat  configuration,  increased 
with  increasing  rotor  lift  coefficient  (C^  >  0.004).  At 
the  higher  lift  coefficients  for  p  >  0.30,  the  pitching 
moments  of  the  -6°  LE  slat  configuration  typically 
reached  a  maximum  and  then  a  plateau  (p  =  0.35, 
=  -4°)  or  decline  (p  =  0.30,  =  -8°  and  p  =  0.35, 

=  -8°).  In  general,  the  -10°  LE  slat  configuration 
had  the  highest  half  peak-to-peak  pitching  moments 
for  all  p  and  0.006  <  <  0.01.  The  trends  of  the  4P 

fixed-system  pitching  moments  (fig.  19)  were  very 
similar  to  the  trends  of  the  half  peak-to-peak  fixed- 
system  pitching  moments  just  described. 

The  half  peak-to-peak  fixed  system  rolling 
moments  are  shown  in  figure  20.  For  advance  ratios 
up  through  0.25,  the  half  peak-to-peak  rolling 
moments  of  all  rotor  configurations  increased  with 
increasing  rotor  lift  coefficient.  However,  for  p  >  0.30, 
the  half  peak-to-peak  rolling  moments  of  some  config¬ 
urations  increased,  leveled  out,  and  then  increased 
again  with  continuous  increases  in  C^.  For  p  =  0.15 
(a^  =  -2°)  and  p  =  0.20,  the  half  peak-to-peak  rolling 
moments  of  all  configurations  fell  within  a  narrow 
band  for  the  range  of  lift  coefficients  shown.  At  the 
higher  lift  coefficients  for  p  >  0.25,  the  half 
peak-to-peak  rolling  moments  of  the  -10°  LE  slat  con¬ 
figuration  were  the  highest;  the  moments  of  the  other 
three  configurations  generally  fell  within  a  narrow 
band.  The  4P  fixed-system  rolling  moments  are  pre¬ 
sented  in  figure  21.  With  the  notable  exception  at 
p  =  0.30,  the  4P  rolling  moments  of  all  rotor  configu¬ 
rations  generally  increased  with  increasing  rotor  lift 
coefficient.  For  p  =  0.30,  the  4P  rolling  moments  of 
some  configurations  remained  nearly  constant  for  a 
range  of  rotor  C^.  At  the  higher  lift  coefficients  for 
p  >  0.25,  the  -10°  LE  slat  configuration  had  the  high¬ 
est  4P  rolling  moments. 
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Conclusions 

An  experimental  investigation  was  conducted  in 
the  Langley  Transonic  Dynamics  Tunnel  (TDT)  to 
evaluate  the  effect  of  using  slotted  airfoils  in  the  rotor 
blade  tip  region  (85  to  100  percent  radius)  on  rotor 
aerodynamic  performance  and  loads.  Four  rotor  con¬ 
figurations  were  tested  in  forward  flight  at  advance 
ratios  from  0.15  to  0.45  and  in  hover  in-ground  effect. 
The  hover  tip  Mach  number  was  0.627.  The  baseline 
rotor  configuration  had  a  conventional  single-element 
airfoil  in  the  tip  region.  A  second  rotor  configuration 
had  a  forward-slotted  airfoil  with  a  -6°  slat,  a  third 
configuration  had  a  forward-slotted  airfoil  with  a  -10° 
slat,  and  a  fourth  configuration  had  an  aft-slotted  air¬ 
foil  with  a  3°  flap.  In  general,  the  results  of  this  inves¬ 
tigation  indicated  that  the  -6°  slat  configuration  had 
some  performance  and  loads  benefits  over  the  other 
three  configurations  at  the  higher  rotor  lift  coefficients 
at  each  advance  ratio.  The  specific  conclusions  which 
support  these  results  follow: 

1 .  In  hover  for  lift  coefficients  >  about  0.007, 
the  -6°  slat  configuration  had  the  lowest  rotor  torque 
coefficient  Cg,  whereas  for  lower  lift  coefficients,  the 
baseline  rotor  had  the  lowest  Cq.  Similarly,  the  high¬ 
est  figure  of  merit  (FM)  for  Ci  >  0.007  was  attained  by 
the  -6°  slat  configuration,  and  below  this  C^,  the  base¬ 
line  rotor  had  the  highest  figure  of  merit. 

2.  In  forward  flight  at  a  lift  coefficient  of  0.0081 
and  a  vehicle  equivalent  parasite  area  =  29.94  ft  ) 
representative  of  a  utility  helicopter,  the  -6°  slat 
configuration  had  the  lowest  Cq  for  advance  ratios 
P-  >  about  0.30,  and  the  baseline  rotor  had  the  lowest 
Cq  for  advance  ratios  <0.30.  For  a  lift  coefficient  of 
0.0095  and  a  vehicle  equivalent  parasite  area 
(f£,  =  18.5  ft^)  representative  of  a  scout  helicopter,  the 
-6°  slat  configuration  had  the  lowest  Cq  for  p,  =  0.25 
or  greater.  For  advance  ratios  of  0.20  and  less,  the 
baseline  rotor  and  the  -6°  slat  configuration  had  about 
the  same  Cq,  which  was  lower  than  that  of  the  other 
two  configurations. 

3.  In  forward  flight  for  fj)=  18.5  ft^,  the  -6°  slat 
configuration  had  the  lowest  Cq  at  the  higher  range  of 
lift  coefficients  attained  at  each  advance  ratio.  The 
baseline  rotor  had  the  lowest  Cq  for  the  lower  range  of 
lift  coefficients  attained  at  each  advance  ratio.  The 
crossover  point  of  the  -6°  slat  configuration  curve  and 


the  baseline  rotor  curve  occurred  at  lower  values  of 
with  increasing  advance  ratio. 

4.  At  the  higher  rotor  C^’s  at  each  advance  ratio, 
the  two  configurations  with  a  slat  had  lower  pitch-link 
loads  (half  peak  to  peak)  than  the  other  two  configura¬ 
tions,  and  the  -6°  slat  configuration  had  loads  that 
were  equal  to  or  lower  than  those  of  the  -10°  slat  con¬ 
figuration.  The  rotor  lift  coefficient,  at  which  the  oscil¬ 
latory  loads  for  the  configurations  with  a  slat  diverged 
from  those  of  the  other  two  rotor  configurations,  was 
lowered  with  increasing  advance  ratio. 

5.  The  maximum  4-per-revolution  (4P)  fixed- 
system  vertical  loads  of  both  forward-slotted  configu¬ 
rations  were  generally  higher  than  those  of  the  other 
two  configurations  for  advance  ratios  up  through  0.25. 

6.  For  advance  ratios  up  through  0.25,  the  maxi¬ 
mum  fixed-system  pitching  moments  (half  peak  to 
peak)  of  both  forward-slotted  configurations  were 
generally  higher  than  those  of  the  other  two  configura¬ 
tions.  At  the  higher  lift  coefficients  for  p,  >  0.25,  the 
fixed-system  rolling  moments  (half  peak  to  peak)  of 
the  -10°  slat  configuration  were  the  highest,  while 
those  of  the  other  three  configurations  generally  lay 
within  a  narrow  band. 
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Table  I.  Design  Coordinates  for  RC(4)-10  Airfoil 


Upper  surface 

Lower  surface 

Station 

Ordinate 

Station 

Ordinate 

0.00000 

-0.00573 

0.00000 

-0.00573 

0.00286 

0.00431 

0.00469 

-0.01591 

0.00907 

0.01318 

0.01435 

-0.02182 

0.02354 

0.02598 

0.01646 

-0.02270 

0.04704 

0.03888 

0.02518 

-0.02566 

0.07369 

0.04795 

0.03560 

-0.02820 

0.10019 

0.05367 

0.06187 

-0.03158 

0.12614 

0.05732 

0.08498 

-0.03234 

0.15184 

0.05979 

0.10824 

-0.03201 

0.17723 

0.06158 

0.13205 

-0.03127 

0.20256 

0.06300 

0.15612 

-0.03061 

0.22776 

0.06416 

0.18050 

-0.03028 

0.25296 

0.06514 

0.20493 

-0.03026 

0.30315 

0.06661 

0.22949 

-0.03043 

0.35314 

0.06738 

0.25406 

-0.03070 

0.37814 

0.06742 

0.30340 

-0.03139 

0.40330 

0.06716 

0.35293 

-0.03209 

0.42839 

0.06654 

0.37770 

-0.03237 

0.45368 

0.06550 

0.40230 

-0.03255 

0.47889 

0.06401 

0.42697 

-0.03260 

0.50376 

0.06213 

0.45145 

-0.03247 

0.52871 

0.05988 

0.47600 

-0.03216 

0.55362 

0.05732 

0.50089 

-0.03166 

0.57851 

0.05451 

0.52571 

-0.03097 

0.60342 

0.05145 

0.55057 

-0.03009 

0.62834 

0.04814 

0.57544 

-0.02906 

0.65324 

0.04462 

0.60030 

-0.02793 

0.67816 

0.04091 

0.62514 

-0.02675 

0.70298 

0.03709 

0.65000 

-0.02554 

0.72769 

0.03325 

0.67485 

-0.02433 

0.75250 

0.02945 

0.69979 

-0.02311 

0.77720 

0.02581 

0.72484 

-0.02187 

0.80171 

0.02238 

0.74980 

-0.02061 

0.82631 

0.01914 

0.77487 

-0.01927 

0.85097 

0.01609 

0.80011 

-0.01782 

0.87570 

0.01321 

0.82528 

-0.01622 

0.90051 

0.01051 

0.85039 

-0.01442 

0.92535 

0.00801 

0.87542 

-0.01244 

0.95019 

0.00572 

0.90037 

-0.01031 

0.97503 

0.00365 

0.92530 

-0.00808 

1.00000 

0.00179 

0.95023 

-0.00573 

0.97515 

-0.00316 

1.00000 

0.00020 
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Table  11.  Design  Coordinates  for  RC{6)-08  Airfoil 


Upper  surface 

Lower  surface 

Station 

Ordinate 

Station 

Ordinate 

0.00000 

-0.00398 

0.00000 

-0.00398 

0.00101 

0.00050 

0.00399 

-0.01100 

0.00298 

0.00402 

0.00702 

-0.01277 

0.00985 

0.01112 

0.01515 

-0.01562 

0.02214 

0.01866 

0.02786 

-0.01825 

0.04764 

0.02759 

0.05236 

-0.02137 

0.07476 

0.03290 

0.07524 

-0.02340 

0.09881 

0.03587 

0.10119 

-0.02519 

0.12450 

0.03813 

0.12550 

-0.02652 

0.14934 

0.03984 

0.15066 

-0.02764 

0.17465 

0.04132 

0.17535 

-0.02858 

0.19999 

0.04257 

0.20001 

-0.02943 

0.22480 

0.04356 

0.22519 

-0.03022 

0.24990 

0.04439 

0.25009 

-0.03094 

0.30006 

0.04568 

0.29994 

-0.03213 

0.34986 

0.04655 

0.35014 

-0.03287 

0.37491 

0.04677 

0.37509 

-0.03302 

0.40002 

0.04680 

0.39997 

-0.03300 

0.42499 

0.04660 

0.42500 

-0.03276 

0.45000 

0.04613 

0.45000 

-0.03229 

0.47501 

0.04541 

0.47499 

-0.03157 

0.49996 

0.04444 

0.50003 

-0.03062 

0.52513 

0.04321 

0.52459 

-0.02958 

0.55034 

0.04174 

0.54965 

-0.02848 

0.57516 

0.04006 

0.57483 

-0.02733 

0.60021 

0.03816 

0.59978 

-0.02615 

0.62547 

0.03604 

0.62452 

-0.02493 

0.65038 

0.03379 

0.64961 

-0.02365 

0.67564 

0.03135 

0.67435 

-0.02233 

0.70032 

0.02882 

0.69967 

-0.02095 

0.72563 

0.02612 

0.72435 

-0.01955 

0.75085 

0.02338 

0.74913 

-0.01812 

0.77543 

0.02074 

0.77456 

-0.01658 

0.80043 

0.01811 

0.79956 

-0.01505 

0.82535 

0.01555 

0.82464 

-0.01345 

0.85028 

0.01302 

0.84971 

-0.01183 

0.87517 

0.01055 

0.87482 

-0.01017 

0.90009 

0.00822 

0.89990 

-0.00848 

0.92502 

0.00612 

0.92496 

-0.00672 

0.94996 

0.00433 

0.95002 

-0.00481 

0.97495 

0.00277 

0.97503 

-0.00270 

1.00000 

0.00104 

1.00000 

-0.00024 
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Table  III.  Design  Coordinates  for  -6°  LE  Slat  Airfoil 


Slat 

Main  element 

Upper  surface 

Lower  surface 

Upper  surface 

Lower  surface 

Station 

Ordinate 

Station 

Ordinate 

Station 

Ordinate 

Station 

Ordinate 

-0.05958 

-0.00605 

-0.05958 

-0.00605 

0.00000 

-0.01000 

0.00000 

-0.01000 

-0.05963 

-0.00424 

-0.05853 

-0.00903 

0.00019 

-0.00775 

0.00460 

-0.01908 

-0.05924 

-0.00212 

-0.05625 

-0.01163 

0.00294 

-0.00220 

0.00932 

-0.02147 

-0.05749 

0.00219 

-0.05402 

-0.01307 

0.00746 

0.00344 

0.01877 

-0.02349 

-0.05597 

0.00463 

-0.05151 

-0.01414 

0.01685 

0.01183 

0.02755 

-0.02428 

-0.05367 

0.00757 

-0.04876 

-0.01505 

0.02625 

0.01808 

0.03762 

-0.02498 

-0.05170 

0.00967 

-0.04354 

-0.01600 

0.03561 

0.02330 

0.04670 

-0.02553 

-0.04705 

0.01380 

-0.03856 

-0.01539 

0.04506 

0.02739 

0.07053 

-0.02675 

-0.04237 

0.01721 

-0.03425 

-0.01308 

0.06868 

0.03374 

0.09406 

-0.02776 

-0.03756 

0.02020 

-0.02979 

-0.00925 

0.09210 

0.03777 

0.14101 

-0.02941 

-0.03279 

0.02281 

-0.02494 

-0.00417 

0.13910 

0.04246 

0.18893 

-0.03084 

-0.02812 

0.02510 

-0.02037 

0.00070 

0.18615 

0.04431 

0.23579 

-0.03197 

-0.02333 

0.02724 

-0.01588 

0.00549 

0.23389 

0.04560 

0.28202 

-0.03270 

-0.01857 

0.02918 

-0.01147 

0.01027 

0.28015 

0.04643 

0.32905 

-0.03292 

-0.01395 

0.03088 

-0.00695 

0.01500 

0.32717 

0.04684 

0.37607 

-0.03249 

-0.00914 

0.03255 

-0.00259 

0.01943 

0.37413 

0.04650 

0.41507 

-0.03145 

-0.00432 

0.03411 

0.00203 

0.02368 

0.42111 

0.04523 

0.47007 

-0.02926 

0.00054 

0.03558 

0.00660 

0.02738 

0.46814 

0.04307 

0.51705 

-0.02715 

0.00524 

0.03692 

0.01173 

0.03094 

0.51513 

0.04008 

0.56435 

-0.02489 

0.01014 

0.03824 

0.01592 

0.03361 

0.56221 

0.03633 

0.61108 

-0.02248 

0.01500 

0.03949 

0.02094 

0.03651 

0.60927 

0.03201 

0.65812 

-0.01987 

0.01998 

0.04072 

0.03461 

0.04292 

0.65617 

0.02712 

0.70512 

-0.01711 

0.02472 

0.04182 

0.70317 

0.02205 

0.75206 

-0.01423 

0.03451 

0.04392 

0.75022 

0.01710 

0.79899 

-0.01120 

0.79717 

0.01232 

0.84602 

-0.00801 

0.84421 

0.00790 

0.89298 

-0.00456 

0.89122 

0.00427 

0.91657 

-0.00259 

0.91475 

0.00282 

0.93999 

-0.00023 

0.93999 

0.00103 
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Table  IV.  Design  Coordinates  for  -10°  LE  Slat  Airfoil 


Slat 

Main  element 

Upper  surface 

Lower  surface 

Upper  surface 

Lower  surface 

Station 

Ordinate 

Station 

Ordinate 

Station 

Ordinate 

Station 

Ordinate 

-0.07931 

-0.01781 

-0.07931 

-0.01781 

0.00000 

-0.01000 

0.00000 

-0.01000 

-0.07949 

-0.01601 

-0.07805 

-0.02070 

0.00019 

-0.00775 

0.00460 

-0.01908 

-0.07925 

-0.01386 

-0.07559 

-0.02314 

0.00294 

-0.00220 

0.00932 

-0.02147 

-0.07780 

-0.00945 

-0.07327 

-0.02443 

0.00746 

0.00344 

0.01877 

-0.02349 

-0.07645 

-0.00691 

-0.07069 

-0.02531 

0.01685 

0.01183 

0.02755 

-0.02428 

-0.07436 

-0.00381 

-0.06788 

-0.02603 

0.02625 

0.01808 

0.03762 

-0.02498 

-0.07255 

-0.00157 

-0.06261 

-0.02661 

0.03561 

0.02330 

0.04670 

-0.02553 

-0.06820 

0.00287 

-0.05769 

-0.02566 

0.04506 

0.02739 

0.07053 

-0.02675 

-0.06376 

0.00660 

-0.05355 

-0.02306 

0.06868 

0.03374 

0.09406 

-0.02776 

-0.05917 

0.00991 

-0.04937 

-0.01893 

0.09210 

0.03777 

0.14101 

-0.02941 

-0.05460 

0.01284 

-0.04489 

-0.01352 

0.13910 

0.04246 

0.18893 

-0.03084 

-0.05010 

0.01546 

-0.04067 

-0.00834 

0.18615 

0.04431 

0.23579 

-0.03197 

-0.04547 

0.01793 

-0.03652 

-0.00324 

0.23389 

0.04560 

0.28202 

-0.03270 

-0.04086 

0.02019 

-0.03245 

0.00183 

0.28015 

0.04643 

0.32905 

-0.03292 

-0.03637 

0.02222 

-0.02828 

0.00686 

0.32717 

0.04684 

0.37607 

-0.03249 

-0.03168 

0.02421 

-0.02423 

0.01158 

0.37413 

0.04650 

0.41507 

-0.03145 

-0.02698 

0.02611 

-0.01993 

0.01614 

0.42111 

0.04523 

0.47007 

-0.02926 

-0.02224 

0.02791 

-0.01562 

0.02015 

0.46814 

0.04307 

0.51705 

-0.02715 

-0.01764 

0.02958 

-0.01075 

0.02406 

0.51513 

0.04008 

0.56435 

-0.02489 

-0.01285 

0.03124 

-0.00676 

0.02702 

0.56221 

0.03633 

0.61108 

-0.02248 

-0.00809 

0.03282 

-0.00196 

0.03026 

0.60927 

0.03201 

0.65812 

-0.01987 

-0.00320 

0.03440 

0.01124 

0.03761 

0.65617 

0.02712 

0.70512 

-0.01711 

0.00145 

0.03582 

0.70317 

0.02205 

0.75206 

-0.01423 

0.01106 

0.03860 

0.75022 

0.01710 

0.79899 

-0.01120 

0.79717 

0.01232 

0.84602 

-0.00801 

0.84421 

0.00790 

0.89298 

-0.00456 

0.89122 

0.00427 

0.91657 

-0.00259 

0.91475 

0.00282 

0.93999 

-0.00023 

0.93999 

0.00103 
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Table  V.  Design  Coordinates  for  3°  TE  Flap  Airfoil 


Main  element 

Flap 

Upper  surface 

Lower  surface 

Upper  surface 

Lower  surface 

Station 

Ordinate 

Station 

Ordinate 

Station 

Ordinate 

Station 

Ordinate 

0.00000 

0.00000 

0.00000 

0.00000 

0.68000 

-0.00600 

0.68000 

-0.00600 

0.00406 

0.00947 

0.00397 

-0.00658 

0.68125 

-0.00278 

0.68267 

-0.01324 

0.00739 

0.01304 

0.00765 

-0.00873 

0.68332 

0.00068 

0.68619 

-0.01555 

0.01482 

0.01868 

0.01456 

-0.01120 

0.68662 

0.00339 

0.68932 

-0.01702 

0.02242 

0.02284 

0.02264 

-0.01308 

0.69334 

0.00700 

0.69243 

-0.01808 

0.03751 

0.02874 

0.03765 

-0.01547 

0.69996 

0.00946 

0.69877 

-0.01940 

0.04977 

0.03215 

0.04982 

-0.01691 

0.70682 

0.01126 

0.70486 

-0.02010 

0.05613 

0.03356 

0.05625 

-0.01756 

0.71300 

0.01222 

0.71140 

-0.02059 

0.07498 

0.03692 

0.07515 

-0.01925 

0.71939 

0.01268 

0.74347 

-0.02162 

0.11253 

0.04112 

0.11257 

-0.02168 

0.72600 

0.01262 

0.77530 

-0.02266 

0.15010 

0.04380 

0.15018 

-0.02351 

0.73243 

0.01224 

0.80729 

-0.02376 

0.18769 

0.04587 

0.18766 

-0.02493 

0.73877 

0.01167 

0.83944 

-0.02482 

0.22519 

0.04744 

0.22521 

-0.02616 

0.74510 

0.01090 

0.87127 

-0.02578 

0.26276 

0.04861 

0.26272 

-0.02724 

0.75154 

0.01000 

0.90327 

-0.02659 

0.30030 

0.04948 

0.30023 

-0.02812 

0.76104 

0.00858 

0.93544 

-0.02727 

0.33786 

0.05014 

0.33789 

-0.02875 

0.77677 

0.00619 

0.96743 

-0.02753 

0.37540 

0.05048 

0.37541 

-0.02905 

0.80872 

0.00127 

0.98331 

-0.02716 

0.41295 

0.05039 

0.41295 

-0.02897 

0.84038 

-0.00371 

0.99940 

-0.02595 

0.45048 

0.04977 

0.45049 

-0.02840 

0.87212 

-0.00874 

0.48803 

0.04854 

0.48804 

-0.02728 

0.90428 

-0.01351 

0.52560 

0.04674 

0.52558 

-0.02573 

0.93574 

-0.01764 

0.56315 

0.04443 

0.56312 

-0.02394 

0.96777 

-0.02108 

0.60072 

0.04166 

0.60057 

-0.01886 

0.98355 

-0.02259 

0.63827 

0.03846 

0.61566 

-0.01346 

0.99948 

-0.02433 

0.67586 

0.03482 

0.63066 

-0.00676 

0.71347 

0.03095 

0.64570 

0.00085 

0.75096 

0.02684 

0.66076 

0.00903 

0.67568 

0.01708 

0.68319 

0.02067 

0.69073 

0.02356 

0.69827 

0.02564 

0.70569 

0.02697 

0.71311 

0.02765 

0.75096 

0.02600 
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Table  VI.  HIMARCS  I  Rotor  Blade  Measured  Natural  Frequencies,  Hz 


Configuration 

Blade  number 

1st  flapwise 
bending 

2nd  flapwise 
bending 

3rd  flapwise 
bending 

1  st  torsion 

1  St  chordwise 
bending 

Baseline 

1 

3.75 

22.75 

61.00 

87.50 

17.50 

Baseline 

2 

3.85 

23.75 

62.50 

87.25 

17.35 

Baseline 

3 

3.75 

23.50 

62.25 

88.00 

17.75 

Baseline 

4 

3.75 

23.50 

62.50 

87.25 

17.50 

Baseline 

5 

3.75 

23.50 

62.75 

86.50 

17.25 

0°  TE  fiap 

4 

3.85 

23.38 

62.50 

86.75 

17.50 

-10°  LE  slat 

4 

4.00 

23.88 

62.75 

88.50 

18.10 
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(b)  Cross-sectional  view. 

Figure  2.  The  Langley  Transonic  Dynamics  Tunnel  (TDT). 
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3°  TE  flap 


r/R  =  0.85-1.0 
Section  A-A 

(a)  Geometry  and  twist  distribution. 

Figure  3.  HIMARCS  I  rotor  blade.  Linear  dimensions  are  in  inches. 
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(b)  HIMARCS  I  rotor  blade  with  0°  TE  flap  and  no  LE  slat  or  LE  fairing  piece. 

Figure  3.  Concluded. 
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Figure  4.  HIMARCS  1  rotor  blade  mass 
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Figure  5.  HIMARCS  1  rotor  blade  flapwise  stiffness  distributions  (typical). 
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Figure  6.  HIMARCS  1  rotor  blade  torsional  stiffness  distributions  (typical). 
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Figure  7.  Aeroelastic  rotor  experimental  system  (ARES)  test  bed  in  Langley  Transonie  Dynamics  Tunnel. 


Figure  8.  Schematic  of  aeroelastic  rotor  experimental  system  (ARES)  test  bed.  All  dimensions  are  in  feet. 
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O  Baseline 
□  -6°  LE  slat 
O  -10°  LE  slat 
A  3°TEflap 


0  .0002  .0004  .0006  .0008  .0010  .0012 

Cq 


(a)  Cl  versus  Cq  . 


EM 


O  Baseline 
□  -6°  LE  slat 
O  -10°  LE  slat 
A  3°TEflap 


0  .002  .004  .006  .008  .010  .012 

Cl 

(b)  Figure  of  merit. 

Figure  9.  Rotor  hover  perfonuance  at  Mi=  0.627  and  z/d  =  0.83. 
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0  .1  .2  .3  .4 
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□  -6°  LE  slat 
O  -10°  LE  slat 
A  3°TEflap 


(a)  Q  =  0.007. 


0  .1  .2  .3  .4 


O  Baseline 
□  -6°  LE  slat 
O  -10°  LE  slat 
A  3°TEflap 


(b)  Q  =  0.0081. 

Figure  10.  Variation  of  rotor  torque  coefficient  with  advance  ratio  for  =  29.94  ft^  and  Mj=  0.627. 
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O  Baseline 
□  -6°  LE  slat 
O  -10°  LE  slat 
A  3°TEflap 


(c)  Q,=  0.009. 
Figure  10.  Concluded. 
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(b)  Q=  0.0081. 

Figure  11.  Performance  of  slotted  rotor  configurations  relative  to  baseline  rotor  for  =  29.94  ft^. 


29 


I  -6°LEslat  □  -10°  LE  slat  □  3°  TE  flap 


(c)  Q=  0.009. 
Figure  11.  Concluded. 
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(a)  Ci=0.0086;/o=  12.0  ft^. 
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□  -6°  LE  slat 
O  -10°  LE  slat 
A  3°TEflap 


(b)  Ci  =  0.0095;/£,=  12.0ft2. 

Figure  12.  Variation  of  rotor  torque  coefficient  with  advance  ratio  for  Mj-=  0.627. 
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(d)  Ci  =  0.0095;/£,=  18.5  ft^. 
Figure  12.  Concluded. 
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(b)  Q=0.0095;/£,=  12.0  ffl. 

Figure  13.  Performance  of  slotted  rotor  configurations  relative  to  baseline  rotor  for  Mj=  0.621 . 
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(d)  Q=0.0095;/£,=  18.5  ft^. 
Figure  13.  Concluded. 
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Figure  14.  Variation  of  rotor  torque  coefficient  with  lift  coefficient  for  fj^  =  18.5  ft  and  My=  0.621 . 
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(d)  p  =  0.30. 
Figure  14.  Concluded. 
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Figure  15.  Performance  of  slotted  rotor  configurations  relative  to  baseline  rotor  for/^  =  18.5  ft  . 
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(d)  p  =  0.30. 
Figure  15.  Concluded. 
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Figure  16.  Variation  of  pitch-link  oscillatory  loads  with  rotor  lift  coefficient  for  My  =  0.627. 
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Figure  16.  Continued. 
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Figure  16.  Continued. 
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(j)p  =  0.35;  a^  =  -4°. 
Figure  16.  Continued. 
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Figure  17.  Variation  of  4P  fixed-system  normal  loads  with  rotor  lift  coefficient;  Mj  =  0.627. 
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Figure  17.  Continued. 
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Figure  17.  Continued. 
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Figure  18.  Variation  of  fixed-system  pitching-moment  oscillatory  loads  with  rotor  lift  coefficient;  Mj  =  0.627. 
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Figure  18.  Continued. 
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Figure  18.  Continued. 
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Figure  18.  Continued. 
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Figure  19.  Variation  of  4P  fixed-system  pitching  moments  with  rotor  lift  coefficient;  Mj=  0.621 . 
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Figure  19.  Continued. 
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Figure  19.  Continued. 
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Figure  19.  Continued. 
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(j)  11  =  0.35;  a^  =  -4°. 
Figure  19.  Continued. 
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Figure  20.  Variation  of  fixed-system  rolling-moment  oscillatory  loads  with  rotor  lift  coefficient;  Mf=  0.621 . 
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Figure  20.  Continued. 
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Figure  20.  Continued. 
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Figure  20.  Continued. 
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Figure  21.  Variation  of  4P  fixed-system  rolling  moments  with  rotor  lift  coefficient;  My  =  0.621 . 
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Figure  21.  Continued. 
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(f)p  =  0.25;  a^  =  -4°. 
Figure  21.  Continued. 
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Figure  21.  Continued. 
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Figure  21.  Concluded. 
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Appendix 


The  basic  forward  flight  performance  data  of  the  four  rotor  configurations  are  presented  in  figures  A1  to  A32, 
and  the  C^,  versus  Cq  cross  plots  made  from  those  basic  data  are  presented  in  figures  A3  3  to  A40,  as  shown  in 
tables  A1  and  A2,  respectively.  Table  A3  contains  the  drag  coefficients  that  correspond  to  full-scale  values  of f^. 


Table  Al.  Basic  Performance  Data  for  Blade  Configurations 


Parameter 

P 

o-s,  deg 

Figures  for  rotor  configuration- 

— 

(typical) 

Baseline 

-6°  LE  slat 

-10°  LE  slat 

3°  TE  flap 

C^vsCo 

and 

ClVsCq 

0.15 

pop 

O 

1  1 

Al 

A9 

A17 

A25 

0.20 

p  p  p 
o  o6 

1  1 

A2 

AlO 

A18 

A26 

0.25 

p  p  p 
o  o6 

1  1 

A3 

All 

A19 

All 

0.30 

0.0 

-4.0 

-8.0 

A4 

A12 

A20 

A28 

0.35 

-4.0 

-8.0 

-12.0 

-15.0 

A5 

A13 

A21 

A29 

0.40 

-4.0 

-8.0 

-12.0 

-15.0 

A6 

A14 

A22 

A30 

0.42 

or 

0.43 

-4.0 

-8.0 

-12.0 

-15.0 

A7 

A15 

A23 

A31 

0.45 

-4.0 

-8.0 

-12.0 

-15.0 

A8 

A16 

A24 

A32 
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Table  A2.  Comparison  of  Configurations,  Cj)  Versus  Cq  Cross  Plots 


M 

Figures  for  Ci — 

H- 

0.007 

0.0081 

0.0086 

0.009 

0.0095 

0.010 

0.011 

0.012 

0.15 

A33(a) 

A34(a) 

A3  5(a) 

A36(a) 

A37(a) 

A3  8(a) 

A39(a) 

A40(a) 

0.20 

A33(b) 

A34(b) 

A3  5(b) 

A36(b) 

A37(b) 

A3  8(b) 

A39(b) 

A40(b) 

0.25 

A33(c) 

A34(c) 

A35(c) 

A3  6(c) 

A37(c) 

A3  8(c) 

A39(c) 

0.30 

A33(d) 

A34(d) 

A35(d) 

A36(d) 

A37(d) 

A3  8(d) 

0.35 

A33(e) 

A34(e) 

A3  5(e) 

0.40 

A33(f) 

0.43 

A33(g) 

Table  A3.  Drag  Coefficients  Corresponding  to  Full-Scale  Values  of 


Utility  helicopter  (full-scale) 

R  =  26.835  ft 

Scout  helicopter  (full-scale) 

R  =  19.5  ft 

P 

Cj)  for — 

P 

Cjj  for — 

Cjj  for — 

/z5=  29.94  ft^ 

/z)=12.0ft2 

/z)=18.5ft2 

0.15 

-0.000149 

0.15 

-0.000113 

-0.000174 

0.20 

-0.000265 

0.20 

-0.000201 

-0.000310 

0.25 

-0.000414 

0.25 

-0.000314 

-0.000484 

0.30 

-0.000596 

0.30 

-0.000452 

-0.000697 

0.35 

-0.000811 

0.35 

-0.000615 

-0.000949 

0.40 

-0.001059 

0.40 

-0.000804 

-0.001239 

0.43 

-0.001224 

0.43 

-0.000929 

-0.001432 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  Al.  Basic  forward-flight  characteristics  of  baseline  rotor  for  )t  =  0.15. 
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(b)  Cl  versus  Cq. 

Figure  A2.  Basic  forward-flight  characteristics  of  baseline  rotor  for  )t  =  0.20. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A3.  Basic  forward-flight  characteristics  of  baseline  rotor  for  )t  =  0.25. 
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(a)  Cl  versus  C^). 
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o  -8° 


(b)  Cl  versus  Cq. 

Figure  A4.  Basic  forward-flight  characteristics  of  baseline  rotor  for  )t  =  0.30. 
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(a)  Cl  versus  Cd. 
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(b)  Cl  versus  Cq. 

Figure  A5.  Basic  forward-flight  characteristics  of  baseline  rotor  for  )t  =  0.35. 
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(a)  Cl  versus  Cd. 
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(b)  Cl  versus  Cq. 

Figure  A6.  Basic  forward-flight  characteristics  of  baseline  rotor  for  )t  =  0.40. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A7.  Basic  forward-flight  characteristics  of  baseline  rotor  for  )t  =  0.43. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A8.  Basic  forward-flight  characteristics  of  baseline  rotor  for  )t  =  0.45. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A9.  Basic  forward-flight  characteristics  of -6°  LE  slat  rotor  for  jt,  =  0.15. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  AlO.  Basic  forward-flight  characteristics  of -6°  LE  slat  rotor  for  )a,  =  0.20. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  All.  Basic  forward-flight  characteristics  of -6°  LE  slat  rotor  for  )a,  =  0.25. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A12.  Basic  forward-flight  characteristics  of -6°  LE  slat  rotor  for  )a,  =  0.30. 
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(a)  Cl  versus  C^). 


0  .0002  .0004  .0006  .0008  .0010  .0012 


(b)  Cl  versus  Cq. 

Figure  A13.  Basic  forward-flight  characteristics  of -6°  LE  slat  rotor  for  )a  =  0.35. 
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(a)  Cl  versus  C^). 


0  .0002  .0004  .0006  .0008  .0010  .0012 


(b)  Cl  versus  Cq. 

Figure  A14.  Basic  forward-flight  characteristics  of -6°  LE  slat  rotor  for  )a,  =  0.40. 
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(a)  Cl  versus  Cj). 
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(b)  Cl  versus  Cq. 

Figure  A15.  Basic  forward-flight  characteristics  of -6°  LE  slat  rotor  for  )a,  =  0.43. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A16.  Basic  forward-flight  characteristics  of -6°  LE  slat  rotor  for  jj,  =  0.45. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A17.  Basic  forward-flight  characteristics  of-10°  LE  slat  rotor  for  jj,  =  0.15. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A18.  Basic  forward-flight  characteristics  of -10°  LE  slat  rotor  for  jj,  =  0.20. 


94 


o  0° 
□  -4° 
o  -8° 


-.0018  -.0016  -.0014  -.0012  -.0010-.0008  -.0006  -.0004  -.0002  0  .0002 


(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A19.  Basic  forward-flight  characteristics  of-10°  LE  slat  rotor  for  jj,  =  0.25. 
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(a)  Cl  versus  C^). 


o  0° 
□  -4° 
o  -8° 


0 


.0002 


.0004 


.0006 

Cq 


.0008 


.0010  .0012 


(b)  Cl  versus  Cq. 

Figure  A20.  Basic  forward-flight  characteristics  of-10°  LE  slat  rotor  for  jj,  =  0.30. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A21.  Basic  forward-flight  characteristics  of-10°  LE  slat  rotor  for  jj,  =  0.35. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  All.  Basic  forward-flight  characteristics  of-10°  LE  slat  rotor  for  jj,  =  0.40. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A23.  Basic  forward-flight  characteristics  of-10°  LE  slat  rotor  for  jj,  =  0.42. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A24.  Basic  forward-flight  characteristics  of -10°  LE  slat  rotor  for  jj,  =  0.45. 
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(b)  Cl  versus  Cq. 

Figure  A25.  Basic  forward-flight  characteristics  of  3°  TE  flap  rotor  for  p.  =  0. 15. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A26.  Basic  forward-flight  characteristics  of  3°  TE  flap  rotor  for  jj.  =  0.20. 
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(a)  Cl  versus  Cd. 
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(b)  Cl  versus  Cq. 

Figure  A27.  Basic  forward-flight  characteristics  of  3°  TE  flap  rotor  for  p.  =  0.25. 
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(a)  Cl  versus  Cj). 
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(b)  Cl  versus  Cq. 

Figure  A28.  Basic  forward-flight  characteristics  of  3°  TE  flap  rotor  for  p.  =  0.30. 
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(a)  Cl  versus  C^). 
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Figure  A29.  Basic  forward-flight  characteristics  of  3°  TE  flap  rotor  for  p.  =  0.35. 
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(a)  Cl  versus  Cj). 
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(b)  Cl  versus  Cq. 

Figure  A30.  Basic  forward-flight  characteristics  of  3°  TE  flap  rotor  for  p.  =  0.40. 
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(b)  Cl  versus  Cq. 

Figure  A3 1 .  Basic  forward- flight  characteristics  of  3°  TE  flap  rotor  for  p,  =  0.42. 
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(a)  Cl  versus  C^). 
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(b)  Cl  versus  Cq. 

Figure  A32.  Basic  forward-flight  characteristics  of  3°  TE  flap  rotor  for  p.  =  0.45. 
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Figure  A33.  Variation  of  rotor  drag  coefficient  with  rotor  torque  coefficient  for  =  0.007. 
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(c)  p  =  0.25. 
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(d)  p  =  0.30. 
Figure  A3  3.  Continued. 
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Figure  A3  3.  Continued. 
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(g)  It  =  0.43. 
Figure  A3  3.  Concluded. 
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Figure  A34.  Variation  of  rotor  drag  coefficient  with  rotor  torque  coefficient  for  =  0.0081. 
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(d)  p  =  0.30. 
Figure  A34.  Continued. 
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(e)  11  =  0.35. 
Figure  A34.  Concluded. 
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Figure  A35.  Variation  of  rotor  drag  coefficient  with  rotor  torque  coefficient  for  =  0.0086. 
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(d)  p  =  0.30. 
Figure  A3  5.  Continued. 
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(e)  p.  =  0.35. 
Figure  A3  5.  Concluded. 
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Figure  A36.  Variation  of  rotor  drag  coefficient  with  rotor  torque  coefficient  for  =  0.009. 
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(d)  p  =  0.30. 
Figure  A36.  Concluded. 


120 


Baseline 
-6°  LE  slat 
-10°  LE  slat 
3°  TE  flap 


(a))i  =  0.15. 


.0002 
0 

-.0002 

-.0004 

-.0006 
Cd 

-.0008 
-.0010 
-.0012 
-.0014 
-.0016 

0  .0002  .0004  .0006  .0008  .0010  .0012 

Cq 

(b)  p  =  0.20. 

Figure  A37.  Variation  of  rotor  drag  coefficient  with  rotor  torque  coefficient  for  =  0.0095. 
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(d)  p  =  0.30. 
Figure  A37.  Concluded. 
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Figure  A38.  Variation  of  rotor  drag  coefficient  with  rotor  torque  coefficient  for  =  0.010. 


123 


O  Baseline 
□  -6°  LE  slat 
O  -10°  LE  slat 
A  3°TEflap 


0  .0002  .0004  .0006  .0008  .0010  .0012 

Cq 


(c)  p  =  0.25. 


0  .0002  .0004  .0006  .0008  .0010  .0012 

Cq 

(d)  p  =  0.30. 

Figure  A38.  Concluded. 


□  -6°  LE  slat 
O  -10°  LE  slat 


124 


0  .0002  .0004  .0006  .0008  .0010  .0012 

Cq 

(a))i  =  0.15. 


□  -6°  LE  slat 
O  -10°  LE  slat 
A  3°TEflap 
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(b)  p  =  0.20. 

Figure  A39.  Variation  of  rotor  drag  coefficient  with  rotor  torque  coefficient  for  =  0.01 1. 
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(c)  =  0.25. 
Figure  A3  9.  Concluded. 
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□  -6°  LE  slat 
O  -10°  LE  slat 


(a))i  =  0.15. 


-6°  LE  slat 


(b)  =  0.20. 

Figure  A40.  Variation  of  rotor  drag  coefficient  with  rotor  torque  coefficient  for  =  0.012. 
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